Introduction Laparoscopic paraesophageal hernia repair continues to be one of the most challenging procedures facing the minimally invasive surgeon. Discussion A thorough understanding of the tenets of the operation and advanced skills in minimally invasive laparoscopy are needed for long-term freedom from symptomatic and anatomic recurrence. These include complete reduction of the hernia sac from the mediastinum back into the abdomen with careful preservation of the integrity of muscle and peritoneal lining of the crura, aggressive and complete mobilization of the esophagus to the level of the inferior pulmonary vein, vagal preservation, clear identification of the gastroesophageal junction to allow accurate assessment of the intraabdominal esophageal length, and use of Collis gastroplasty when esophageal lengthening is required for a tension-free intraabdominal repair. Liberal mobilization of the phrenosplenic and phrenogastric attachments substantially increases the mobility of the left limb of the crura, allowing for a tension-free primary closure in a large percentage of patients.
Introduction
At the 37th annual meeting of the American Association for Thoracic Surgery in Chicago, IL, USA (May 4-7, 1957), J. Leigh Collis presented "An Operation for Hiatus Hernia with Short Esophagus." In this address, he noted that "most of the operations which have been suggested for the relief of this condition are large and ill-suited to patients who are frail and often aged…dissatisfaction with the situation this presents had lead many surgeons to return to a palliative line, and to treat such patients by posture and dilatation…." 1 In 2010, the optimal approach to repair of giant paraesophageal hernia continues to be debated. Proponents of an open approach, through either a thoracotomy or laparotomy, claim a lower rate of reoperation for recurrent hernia. However, a thorough review of the open literature shows that recurrence rates are frequently greater than 10% and perioperative morbidity is significant. [2] [3] [4] [5] Laparoscopy was introduced in the late 1980's and was quickly adopted by esophageal surgeons as an opportunity to provide operative repair without the morbidity of the open procedures. Since that time, we and others have established the feasibility and safety of a laparoscopic approach to giant paraesophageal hernia repair. [6] [7] [8] [9] When perioperative outcomes are compared directly with open techniques, postoperative morbidity and mortality, blood loss, and hospital length of stay are significantly reduced for the laparoscopic approach. 2, 3, 10 Despite the immediate benefits of a laparoscopic approach, however, there is still considerable debate as to the technical details of the procedure, such as the need for esophageal lengthening or mesh cruraplasty, as well as concerns for short-term and long-term durability of the repair. Attempts to address these questions have been limited by the small numbers of patients reported in most series and lack of a consistent technical approach.
With increasing experience in advanced laparoscopic techniques, laparoscopic repair has become the standard approach to giant paraesophageal hernia at our center. Over the past decade, we have refined the operation and acquired significant experience, which has resulted in excellent long-term outcomes and a recurrence and reoperation rate that is comparable with even the best published open series. 9, 11 The following describes our current approach to laparoscopic paraesophageal hernia repair.
Preoperative Assessment
Laparoscopic repair of paraesophageal hernia begins with a careful preoperative evaluation. We obtain a careful symptom history, including assessment of typical symptoms of gastroesophageal reflux (heartburn and regurgitation) and dysphagia. Additional symptoms that are common include chest or epigastric pain, recurrent aspiration with or without associated pneumonia, cough, shortness of breath, and dyspnea on exertion. Signs of compromised blood flow to the herniated stomach may be subtle, such as irondeficiency anemia, or present overtly as an acute gastric volvulus with ischemia or frank necrosis. Patients often report knowledge of a "hiatal hernia" for many years.
Next, we obtain a radiographic evaluation by barium swallow. Abnormal esophageal motility is often evident on barium swallow in patients with paraesophageal hernia; associated abnormalities, such as esophageal dysmotility, stricture endoluminal masses, or diverticuli, can also be assessed. Barium swallow is useful for identifying the location of the gastroesophageal junction (GEJ), assessing the degree to which the stomach is herniated into the chest and evaluating for evidence of volvulus. Because the esophagus is often tortuous and placement of a manometry catheter across the lower esophageal sphincter into the stomach can be difficult, we rarely perform a complete motility study. We also rarely perform esophageal pH studies, as a positive or negative study does not generally change our treatment algorithm. However, in an experienced physiology lab, assessment of esophageal body peristalsis is generally straightforward and informative. Laboratory studies include assessment of the hemoglobin for occult anemia (present in up to 1/3 of patients) and serum albumin levels for evaluation of nutritional status.
We obtain pulmonary function testing in patients with a complaint of shortness of breath to determine whether the breathing difficulties are due to restriction of lung function due compression of adjacent lung by herniated stomach or to coexisting intrinsic lung disease, which may in fact be related to long-standing reflux, aspiration, and lung injury.
Surgical Procedure
Patient Preparation, Positioning, and Port Placement After the preoperative evaluation is complete, the patient is advised of the risks and benefits of the operation, and informed consent is obtained. Once this is accomplished, the patient is taken to the operating room. Our preferred position of the patient is supine, in steep reverse Trendelenburg, with the surgeon on the patient's right side and the assistant on the left. Sequential compression devices are placed on the legs bilaterally. Patients should also receive 5,000 U of heparin subcutaneously prior to induction of anesthesia. 12 A Foley catheter is placed. The patient's arms are rotated away from the patient, secured to an arm board at a 45°angle from the bed and carefully padded. This angle provides adequate access to the operating table and minimizes the risk of stretch injury to the brachial plexus. A foot stop is placed to facilitate reverse Trendelenburg positioning. After sterile prep and antibiotic prophylaxis, we identify the midline from the xiphoid to the umbilicus and use a skin marker to divide the distance into thirds (Fig. 1) . We place the first 10-mm port, using the open Hassan technique, 13 in the right paramedian line approximately one third of the way from the xiphoid to the umbilicus. In obese patients with a protuberant abdomen, this general port placement must be modified to keep the ports closer to the upper abdomen. Care is taken to avoid dissection into the falsiform ligament. Because of the extensive dissection within the mediastinum, this port must be placed in the upper third of the abdomen. Once we confirm placement within the peritoneal cavity, we insufflate the abdomen to a pressure of 12-15 mmHg. We position a second 5-or 10-mm port, for placement of the camera, in the left paramedian line at approximately the same level. We place two 5-mm ports in the mid-clavicular line directly below the costal margin, one on each side, leaving a hands-breath between the paramedian and subcostal ports. We place a final 5-mm port in the far right lateral subcostal position for liver retraction or in the subxiphoid position, depending upon the type of liver retractor.
Reducing the Hernia Sac
Following port placement and liver retraction, we examine the hiatal hernia. To facilitate visualization of the hiatus, the operating room table is placed in reverse Trendelenburg, allowing the upper abdominal contents to shift toward the patient's pelvis and away from the hiatus. If necessary, partial reduction of redundant stomach, omentum, and bowel is performed upon initial assessment; it is not desirable, however, to then place traction on the stomach Fig. 1 Surgeon and port position. Port placement and instrument positions are shown. In a non-obese patient, the ports are positioned one third of the distance from the xiphoid to the umbilicus. In obese patients, this measure is often inaccurate because of the protuberant abdominal circumference. In this situation, the patient's bony anatomy can be used to determine appropriate placement with an imaginary line across the abdomen at top of the anterior superior iliac spines serving as a marker for the normal distance to the umbilicus Fig. 2 Reduction of the hernia sac without retraction on the stomach. The operation begins with the surgeon and the assistant everting the hernia sac just beyond the lip of the anterior crura. The sac is incised, allowing entry into the anterior mediastinum. Dissection proceeds using a combination of blunt dissection and coagulation of the fine areolar attachments of the hernia sac to the surrounding mediastinal structures (inset). During this dissection, care is taken to maintain the integrity of the crural lining and avoid damage to the crural muscle, vagus nerves, or pleura. Note the stomach is not being retracted during this dissection (Video 1) as a means of reducing the sac. This causes unnecessary trauma to the stomach and prevents the assistant from being able to assist in the mediastinal dissection. Because the hernia sac is an extension of the peritoneal lining of the cardia of the stomach, reduction of the sac back into the abdomen will, by default, also reduce the stomach. Rather than placing retraction on the stomach, the surgeon and the assistant grasp the hernia sac just beyond the diaphragmatic crura at the 12 o'clock position using the surgeon's left hand and the assistant's right hand (Fig. 2) . Then, we enter into a very definite fine areolar plane between the sac and the surrounding mediastinal stuctures using ultrasonic dissection with the harmonic scalpel (Ethicon, Cincinnati, OH, USA) or the ultrasonic shears (US Surgical/ Covidien, Mansfield, MA, USA). This allows access to the areolar attachments of the hernia sac to the mediastinal structures. The mediastinal dissection proceeds with sharp ultrasonic dissection. We use blunt dissection sparingly, as this technique can result in bleeding that obscures the operative view. Dissection in the mediastinum proceeds until the entire hernia sac is reduced into the abdomen (Fig. 3) . We take care to identify both the anterior and posterior vagus nerves as they traverse the mediastinum and avoid injury to these important structures. It is also important to identify and maintain intact pleura to avoid hemodynamic instability related to a pneumothorax. Reduction of the sac back into the abdomen, by default, returns the stomach to its anatomic position without the risk of traction injury that can occur with the hand-over-hand technique.
Reestablishing Adequate Intraabdominal Esophageal Length
After reducing the hernia sac, we separate the hernia sac from the crura, taking care to leave the crural peritoneal lining intact (Fig. 4) . We believe that strict attention to maintaining the integrity of the peritoneal lining over the crura is critical for the success of primary closure. Without this lining, the crural musculature has no intrinsic strength and, therefore, will not hold suture sufficiently to prevent dehiscence of the crural repair. Throughout the dissection within the mediastinum, therefore, we handle the crura with extreme care and avoid injury as much as possible.
Once we completely reduce the hernia sac and stomach with the crura preserved, we circumferentially mobilize the esophagus within the mediastinum to the level of the Fig. 3 Establishment of an intraperitoneal stomach after complete reduction of the hernia sac. Complete reduction of the sac and esophageal mobilization may require 1-2 h of dissection within the mediastinum, but is critical for the long-term success of the operation inferior pulmonary veins. This mobilization is critical for achieving adequate esophageal length. Throughout this dissection, we identify and carefully preserve the anterior and posterior vagus nerves. At the completion of esophageal mobilization, we divide the short gastric vessels and mobilize the gastric fat pad off the stomach and distal esophagus, using ultrasonic dissection, to allow visualization of the GEJ. We continue the fat pad dissection around the GEJ to create a posterior window between the esophagus and posterior vagus nerve through which to perform the fundoplication (Fig. 5) . This allows clear visualization of the longitudinal fibers of the esophagus, which do not have a serosal lining, as they merge with the cardia of the stomach, which does have a serosal lining. Following fat pad mobilization, we assess the location of the GEJ for adequate intraabdominal length in a neutral resting position in the abdomen. If a minimum of 2 cm of tension-free, intraabdominal esophagus is not present, we attempt additional mediastinal dissection to further mobilize the esophagus. If after all possible maneuvers, esophageal length continues to be inadequate, we perform a Collis gastroplasty in most patients using the wedge technique (Fig. 6) . Ocassionally, in elderly, frail patients, we may consider a gastropexy if we are unable to deliver a tension-free GEJ. This is not our standard approach, however.
Reestablishing the Antireflux Barrier
Except in rare situations when the surgeon may have concerns regarding the viability of the stomach, patient stability in the operating room, very elderly patients (age 80+), or patients with a significant esophageal motility disorder, we routinely perform an antireflux procedure. Because of the extensive esophageal dissection and complete disruption of the phrenoesophageal ligament, the patient is likely to suffer from significant gastroesophageal reflux postoperatively unless a new antireflux barrier is created. Surgeon preference and preoperative radiographic findings regarding esophageal motility determine whether we perform a circumferential "floppy" fundoplication (2-stitch Nissen over a 54 or 56 bougie; Fig. 7 ) 15 or a partial fundoplication (Toupet or clam shell). 16, 17 For patients in whom the surgeon decides not to perform fundoplication, many of whom have obstructive Fig. 4 Mobilization of the esophageal fat pad and identification of the GEJ. To facilitate precise identification of the GEJ and prevent inadvertent placement of the fundoplication around tubularized proximal stomach, the esophageal fat pad is carefully dissected from the anterior surface of the stomach, taking care to preserve the integrity of the anterior and posterior vagal nerves. This dissection is carried posteriorly, staying close to the esophagus, to create a retroesophageal window (Video 2) Fig. 5 Fully mobilized fat pad provides clear localization of the GEJ and facilitates assessment of esophageal length. The presence of a foreshortened esophagus is determined after creation of the retroesophageal window, assessment of the esophageal length, and extensive esophageal mobilization Fig. 6 Laparoscopic wedge Collis gastroplasty. If additional esophageal length is needed following extensive esophageal mobilization, the stomach is then grasped at the short gastric vessels and rolled toward the surgeon. The surgeon determines the length of gastroplasty required to create a neoesophagus that will provide at least 2 cm of tension-free intraabdominal esophagus. A 54-Fr bougie is placed by the surgeon with direct visualization with the laparoscope to ensure safe passage into the stomach. The surgeon then grasps the stomach just proximal to the planned location of the initial staple line. Depending on the thickness of the stomach, either a 4.8-mm (green load) or 3.5-mm (blue load) cutting endostapler is then applied. Serial fires of the stapler directly perpendicular to the bougie are used to divide the stomach until the staple line reaches the bougie. The surgeon and assistant provide very gentle counter-traction on the proximal and distal aspects of the stomach to draw the lesser curve tight against the bougie. This ensures that the neoesophagus is not patulous. Care must be taken to avoid traction in the cephalad or caudal direction as this can tear the stomach at the crotch of the staple line; this can be difficult to repair and increases the risk of postoperative leak from the Collis gastroplasty. The wedge of stomach is then removed with serial firings of the endostapler parallel to the bougie (Video 3) symptoms rather than reflux symptoms or are poor candidates for Collis in the setting of short esophagus, the stomach is secured in an intraabdominal position using an extended gastropexy technique. Beginning at the GEJ, serial interrupted horizontal mattress heavy sutures (0 gauge) are used to pexy the stomach to the left crura and anterolaterally to the diaphragm and the anterior abdominal wall. Sutures are placed approximately 2 cm apart over a distance of 10-14 cm. This provides multiple points of adherence between the stomach and the abdominal wall and minimizes the risk of large hernia recurrence.
Repairing the Hiatus
We repair the hiatus in all patients regardless of the decision for fundoplication. If the crura are being tethered by Fig. 7 Creation of "floppy, two-stitch" Collis-Nissen fundoplication. Maintenance of a proper orientation of the wrap as it passes through the retroesophageal space is critically important for the successful creation of a new antireflux barrier. To begin, a bougie (usually 54 Fr) is passed into the esophagus under direct vision. An atraumatic instrument is then passed through the retroesophageal window. The line of the short gastric arteries is grasped at the lateral aspect of the gastric cardia (or the proximal fundus if a Collis gastroplasty has been performed; point A) and pulled through the retroesophageal window. If the fundus of the stomach has been adequately mobilized, the wrap will remain in place when the grasper is released from the stomach (point A). If the wrap is pulled back through the retroesophageal window, the wrap is being tethered (usually by retrogastric attachments) and further mobilization is necessary. When pulling the stomach through the retroesophageal window, it is vital that the stomach maintains correct anteroposterior orientation. In other words, the anterior aspect of the stomach is brought through so that it is flat against the posterior aspect of the (neo-) esophagus. The arrows indicate the staple line of the Collis gastroplasty. If correct orientation of the wrap is maintained, the staple line will be positioned on the inferior edge of the wrap and the greater curvature of the stomach will be sewn to itself with two stitches at the short gastric remnants (see inset, A-D; B-C) The location of point C is determined using a "shoe shine" maneuver after the wrap is pulled through the window. A grasper is placed at point B, and another grasper secures the stomach along the line of the short gastric arteries at point C. Points B and C are brought together around the esophagus, and the tightness of the wrap around the esophagus is assessed. We prefer a "floppy" fundoplication, with enough space between the wrap and esophagus to allow passage of an atraumatic instrument. If the wrap is deemed to be too tight with the "shoe shine" test, point C is moved further distal on the greater curve (toward point D) and the "shoe shine" maneuver is repeated. Once the wrap is deemed appropriate, a suture is placed from point C to the esophagus to point B to secure the wrap. A second suture is placed from point D to the esophagus (just above the GEJ or at the base of the neo-esophagus) and then to point A. When completed, the external, visible aspects of the wrap will be the posterior wall of the stomach. If the stomach is brought through without maintaining this orientation, the posterior aspect of the stomach will be incorrectly approximated to the back of the esophagus. This results in a folding of the stomach around the esophagus rather than a wrapping of the esophagus and likely contributes to gas bloat symptoms postoperatively. Furthermore, the folded stomach fails to create an adequate antireflux barrier, as evidenced by the absence of the endoscopic "stack of coils" appearance of the newly created antireflux valve (Video 4) phrenogastric or phrenosplenic attachments, additional dissection is performed to completely mobilize the crura. It is important to avoid direct application of the graspers to the crural muscles as much as possible, as this trauma will disrupt the integrity of the muscle and reduce the likelihood of a primary repair. Maintaining the integrity of the crura requires careful identification of the peritoneal reflection and the pleural reflection within the mediastinum. The pleural reflection, particularly on the left, can often be identified crossing the midline over the esophagus. Identification of the lining early in the procedure will minimize injury to the crural lining and reduce the incidence of intraoperative pneumothorax.
We have found that, with meticulous attention to crural dissection and complete separation of the phrenosplenic attachments, the crura can be sufficiently mobilized to perform a tension-free, primary suture closure of the hiatus in the majority of patients (~85%). We then reapproximate the fully mobilized crura, without tension, using heavy suture (0 gauge; Fig. 8 ). Generally, we limit crural approximation to 2-3 sutures to avoid excessive posterior displacement and strangulation of the distal esophagus. If necessary, we place additional anterior sutures to further reduce the hiatal opening. In the situation where the crural integrity is good but tension remains on the crural closure, we have found it helpful to induce a left pneumothorax in order to create laxity to the left limb of the crura. In the vast majority of such patients, we are able to achieve a tensionfree closure. This is performed by placing a pigtail catheter into the left chest and insufflating air into the chest cavity. The diaphragm then becomes 'floppy' and the crura are reapproximated without tension using a horizontal mattress suture. If the crura were denuded of overlying peritoneum, are sufficiently attenuated such that the ability to hold suture is compromised, or are unable to be re-approximated without tension, we reinforce the crura with bioprosthetic mesh.
Postoperative Course
Following completion of the operation, the patient is typically extubated and transferred to the recovery room. The decision to admit the patient to the intensive care unit (ICU) for postoperative observation is patient specific and depends on the patient's comorbid diseases, the urgency of the operation (elective versus non-elective), intraoperative concerns, and the length of the operation. In our series of more than 650 patients, 32% were admitted to the ICU postoperatively with a median ICU stay of 2 days (interquartile range, 1-3 days). The median postoperative length of hospital stay was 3 days (interquartile range, 2-5 days), reflecting the increased complexity of paraesophageal hernia repair when compared with standard antireflux procedures for small hiatal hernias and gastroesophageal reflux disease. 9 We routinely perform barium swallow prior to discharge to document subdiaphragmatic positioning of the fundoplication wrap and look for unrecognized esophageal or gastric injury or staple-line leak [in patients who received an esophageal lengthening (Collis) procedure]. This postoperative barium study serves as a new baseline, confirming that the hernia has been fully reduced and that the wrap is subdiaphragmatic. In subsequent followup, routine barium esophagram is performed on a yearly basis and compared to this new baseline exam. This is particularly useful for objectively quantifying the timing and degree of failure and for correlating symptomatic complaints to changes in the radiographic appearance of the repair on subsequent followup. We have instituted clinical pathways for routine follow-up, including barium esophagram and symptom assessment with validated measures for gastroesophageal reflux disease health-related quality of life 18 and overall quality of life (SF-36).
[
All patients are seen 2 weeks after surgery and again 1 year after surgery. Barium esophagram is performed 1 year after surgery and then at 2-year intervals. We ask all of our patients to return at least every 2 years to ensure that recurrent symptoms or recurrent hernia are recognized early and managed appropriately. Common postoperative complaints include dysphagia, heartburn, gas bloat, and diarrhea. By providing routine follow-up, we ensure that symptoms are addressed appropriately, either with medical therapy, endoscopy and dilation, or reoperation, as needed. With this approach, in both intermediate (median, 30 months) 9 and long-term (median, 44 months) [ 11 ] follow-up, good-to-excellent results are reported in up to 90% of patients, with smallto-moderate radiographic recurrence in~16% of patients and reoperation for symptomatic recurrence in <5% of patients.
9,11

Comment
In 2011, foregut surgeons continue to debate whether the optimal approach to repair of paraesophageal hernias should be via an open or minimally invasive approach, the incidence of and approach to esophageal shortening, and the optimal approach to hiatal cruroplasty. With increasing experience in advanced laparoscopic techniques, the laparoscopic repair has become the standard approach to paraesophageal hernia at our center. In our institution, we have found that surgeon experience with minimally invasive foregut surgery is as important to outcomes as any of the ongoing controversies surrounding the optimal approach to GPEH repair. We strongly advocate careful and ongoing evaluation of operative results, including shortand long-term symptom and radiographic outcomes. It is likely that the best possible outcomes are achieved by a subset of surgeons at any institution who are ultimately credentialed to perform this complex operation. Indeed, we encourage our less experienced surgeons to perform this operation with a more experienced partner until they have gained the advanced skills and expertise necessary to ensure optimal results. With experience and careful attention to the details described herein, such as complete reduction of the mediastinal hernia sac, extensive mediastinal mobilization of the esophagus followed by precise identification of the GEJ through mobilization of the gastric fat pad, and assiduous maintenance of crural integrity, long-term radiographic durability and symptom relief is possible. 9, 11 
